Tissue culture transfection and in vitro biochemical studies have suggested that heterodimers of thyroid hormone receptors (TRs) and 9-cis retinoic acid receptors (RXRs) are the likely in vivo complexes that mediate the biological effects of thyroid hormone, 3,5,3-triiodothyronine (T 3 ). However, direct in vivo evidence for such a hypothesis has been lacking. We have previously reported a close correlation between the coordinated expression of TR and RXR genes and tissue-dependent temporal regulation of organ transformations during
Thyroid hormone receptors (TRs) are the nuclear receptors of thyroid hormone, 3,5,3Ј-triiodothyronine (T 3 ) (17, 55, 69) . They belong to the growing family of nuclear hormone receptors, with over 150 identified members, including the receptors for glucocorticoid and RAs (39) . Like most other members of this superfamily, TRs are DNA-binding transcription factors whose activities are regulated by their ligand, thyroid hormone. Their DNA binding domain is located in the amino-terminal half of the protein and recognizes specific DNA sequences, i.e., thyroid hormone response elements (TREs). The hormone binding domain is within the carboxyl-terminal half of the protein, which also contains other functional domains, including the AF2 domain, i.e., the transcriptional activation sequence at the carboxyl terminus of the receptor.
TRs most likely function as dimers, although they can bind weakly to specific TREs as monomers (18, 66, 75) . In addition, TR homodimers have relatively weak DNA binding affinity compared to the heterodimers formed between TRs and 9-cis RA receptors (RXRs) (26, 32, 36, 41, 49, 77, 78) . TR-RXR heterodimers not only bind TREs specifically but also regulate the transcription of T 3 response genes in tissue culture cells with high specificity, implicating that they are the in vivo mediators of the biological effects of T 3 .
TR-RXR heterodimers can bind to TREs even in chromatin, both in the presence and absence of T 3 (31, 48, 61, 70) .
Studies on T 3 -inducible genes have demonstrated that the binding by unliganded TRs leads to transcriptional repression, while the addition of T 3 reverses this repression and further activates these genes (2, 8, 21, 22, 38, 52, 56, 67, 70) . The transcriptional repression and activation by TRs appear to involve distinct TR-interacting cofactors, and many such potential cofactors have already been identified (3, 11, 12, 23, 27, (33) (34) (35) 45) .
Compared to the extensive studies of the biochemical and molecular mechanistical aspects of TR action, considerably less is known about how TRs regulate target genes in physiological processes. This is probably in part due to the fact that relatively few T 3 response genes have been characterized in most processes affected by T 3 and the fact that often the biological processes affected by thyroid hormone are too complex to be good models for functional studies of TRs in vivo.
One of the longest-, best-studied processes regulated by T 3 is amphibian metamorphosis (1, 19, 20, 65) . This postembryonic process systematically transforms different tissues of a tadpole. Some organs, like the limbs, develop de novo from undifferentiated precursor cells. Others, like the tail, are tadpole specific and degenerate completely during metamorphosis. The rest of the organs are present in both tadpoles and frogs but are remodeled extensively in order to function in the postmetamorphic frog. For example, the larval intestine is a simple tubular structure consisting predominantly of a single layer of larval epithelial cells. During metamorphosis, the larval epithelium degenerates through programmed cell death, or apoptosis, and is replaced through rapid proliferation and differentiation of adult epithelial cells, producing a multiply folded epithelium with elaborate connective tissue and muscles (14, 60, 76) .
The idea that both TRs and RXRs participate in mediating the regulatory effects of T 3 during metamorphosis has been supported by their expression during this process (16, 24, 30, 57, 58, 71, 74) . In addition, many genes in different organs of Xenopus laevis tadpoles have been shown to be inducible in premetamorphic tadpoles upon treatment with T 3 (9, 20, 59) . However, like in mammals and birds, it remains to be investigated whether TRs and RXRs are indeed involved in the transcriptional regulation of any of the T 3 response genes during development.
We report here that precocious overexpression of TRs in developing Xenopus embryos leads to T 3 -dependent specific regulation of endogenous T 3 response genes and produces distinct embryonic abnormalities, depending on the presence or absence of T 3 . We further demonstrate that the effects of TRs in developing embryos require the coexpression of RXRs and depend upon the presence of intact DNA binding and transcriptional activation domains.
MATERIALS AND METHODS
In vitro fertilization of Xenopus eggs. X. laevis females were primed with 75 U of pregnant-mare serum gonadotropin (Calbiochem) 3 to 7 days prior to injection. The primed frogs were then injected with 300 to 500 U (depending on the size of the frog) of chorionic gonadotropin (Sigma). Eggs were expelled onto petri dishes 14 to 16 h later by squeezing the frogs.
After a Xenopus male frog was sacrificed, the testes were removed, washed in cold water, and macerated with a razor blade. MMR (13) (0.1ϫ; 2 to 3 ml) was added, and sperm was released by carefully pipetting up and down. The sperm solution was immediately poured onto the eggs, and incubation continued for 3 to 5 min. The eggs were then completely covered with distilled water and incubated for an additional 15 min.
To remove the jelly coat, fertilized eggs were washed with 2% cysteine, pH 8.0, until they started to touch each other, and then 4 to 6 washes with 0.1ϫ MMR were performed to remove cysteine and jelly coats from the buffer.
Embryo injections and culturing. Healthy-looking embryos were collected just after the beginning of the first division and immediately transferred to 0.5ϫ MMR-2% Ficoll. After 5 min of incubation in this medium, embryos were injected on both sides with a total of 0, 5, 50, or 500 pg of each mRNA (in a 5-nl total volume)/embryo. Control and injected embryos were kept in 0.5ϫ MMR-2% Ficoll for 4 to 6 h after injection and then transferred to 0.1ϫ MMR. Embryos were incubated without any hormone or in the presence of 100 nM T 3 or 1 M RA. Hormones were added to the medium immediately after injections and were present throughout the embryo culturing (RA-treated embryos were kept in darkness). The culture medium was changed daily.
RNA isolation from embryos. To isolate RNA, embryos (usually 5 to 10) were homogenized directly in 500 l of RNAzol B (Tel-Test, Inc.). Chloroform (0.1 volume) was added, and the entire sample was thoroughly mixed by shaking the tube. After 10 min of incubation on ice, samples were spun down at 4°C for 15 min in an Eppendorf microcentrifuge. The aqueous layer was collected and phenol-chloroform extracted. RNA was precipitated with isopropanol and resuspended in H 2 O. The concentration of mRNA was determined by spectrophotometry.
Northern blot hybridization. Total RNA (5 g) was electrophoresed on a 1% agarose-formaldehyde gel and transferred onto a GeneScreen membrane (NEN) after partial hydrolysis with NaOH (40, 52) . Hybridization was done by using the cDNA inserts of Xenopus stromelysin-3 (ST3) gene (47) , hedgehog (HH) (64) , and HOXA1 (42) . After overnight hybridization at 42°C (in 50% formamide, 5ϫ SSPE [1ϫ SSPE is 0.18 M NaCl, 10 mM NaH 2 PO 4 , and 1 mM EDTA {pH 7.7}], 0.2% sodium dodecyl sulfate [SDS], 10% dextran sulfate, 5ϫ Denhardt's solution, and denatured salmon sperm DNA [100 g/ml]), the filters were washed three times for 5 to 10 min each at room temperature in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 0.2% SDS. Stringent washes were then performed twice for 25 min each in 0.25ϫ SSC and 0.2% SDS at 65°C. To control for RNA loading and quality, Northern blots were stained with methylene blue before hybridization (25) .
Isolation of soluble proteins from embryos. Embryos collected at different time points were homogenized by pipetting up and down in (per embryo) 10 l of a buffer containing 70 mM KCl, 20 mM HEPES (pH 7.5), 1 mM dithiothreitol, 5% glycerol, 1 mM EDTA, and 0.1% Nonidet P-40 and supplemented with proteinase inhibitors. The homogenate was fractionated by a 15-min centrifugation at 4°C (Eppendorf microcentrifuge set at top speed), and the fraction containing soluble proteins was collected. Protein concentration was determined with a protein assay kit (Bio-Rad).
Western blot analysis. Samples containing 10 g of total protein isolated as described above were resolved on SDS-10 to 12% polyacrylamide gels and probed with TR or RXR␣ antibodies (71) (1:1,000). To visualize specific bands, the Western blot kit (Kirkegaard & Perry Laboratories) (containing peroxidaselabeled goat anti-rabbit antibodies) was used according to the manufacturer's directions.
Gel mobility shift assay for TRE binding. Total protein (5 g/sample) was mixed with 19 l of the binding buffer (20 mM HEPES [pH 7.5], 5 mM MgCl 2 , 100 mM NaCl, 5 mM dithiothreitol, 10% glycerol, 0.1% Triton X-100, and proteinase inhibitors), 500 ng of dI-dC, 1 ng of 32 P-labeled double-stranded DNA probe containing wild-type TRE of the Xenopus TR␤A gene (52) , and a 20-fold excess of the indicated competitor. After 20 min of incubation at room temperature, the samples were resolved on a 5% native polyacrylamide gel (52) .
Construction of TR and RXR mutants. To make the TR␣ mutant lacking the DNA binding domain (TR␣A⌬DBD), PCR amplification of 5Ј (upstream of DNA binding domain) and 3Ј (downstream of DNA binding domain) regions of the TR␣ open reading frame was performed with the following two pairs of primers: for the 5Ј region, the forward primer XЈ (with a BamHI restriction site incorporated in front of 6 bases of the 5Ј UTR and the first ATG codon), 5Ј ACAGCTGGATCCCGTTGAATGGACCAGAATCTC 3Ј, and the mutated reverse primer 5Ј CTTGCCATCATCCAGGACAAGCAGATAGCTGGG 3Ј, and for the 3Ј region, the reverse primer Y (with a SmaI restriction site incorporated), 5Ј CGCCTACCCGGGTCAAACTCCCTGGTCCTCAAAGA 3Ј, and the mutated forward primer 5Ј GGGTACATCCCCAGCTATCTGCTTGTCCTG GAT 3Ј. Fractions of amplified DNAs were mixed together and used as a template in the second PCR, performed with the XЈ and Y primers. This amplification produced fusion products of the 5Ј and 3Ј region through the overlap in the region of the mutated primers. The product of this PCR was restricted with BamHI and SmaI enzymes and ligated into the pSP64 poly(A) vector (Promega). This procedure resulted in the removal of amino acids 56 to 131, which encode the 228-bp DNA binding domain of TR␣A protein (73) .
To make Xenopus RXR␣ mutants lacking the C-terminal AF2 domain, the cDNA fragment encoding the last 13 amino acids of this protein (7) was removed by PCR using a 5Ј primer containing a SalI restriction site and the reverse primer 5Ј TAGCCGGATCCTTAGTCGATTGGTGTGTCTCCTAT 3Ј, which contains a BamHI restriction site. The PCR product after restriction with SalI and BamHI was ligated into the pSP64 poly(A) vector.
The Xenopus TR␤ mutant lacking the AF2 domain was similarly constructed to remove the last 9 amino acids of the wild-type receptor (72) .
In vitro transcription of mRNA for injection into embryos. All wild-type (71) and mutant TRs and RXRs in pSP64 poly(A) vector were linearized with EcoRI, twice phenol-chloroform extracted, and ethanol precipitated. One microgram of the DNA was transcribed in vitro with an SP6 transcription kit (Ambion) to produce capped mRNA. The quantity and quality of the resulting RNA were assayed on a 1% agarose-formaldehyde gel.
RESULTS
Precocious overexpression of Xenopus TR␣ and RXR␣ results in T 3 -dependent teratogenic phenotypes in Xenopus embryos. To understand the roles of TRs and RXRs during development, especially during amphibian metamorphosis, we have previously demonstrated a coordinated temporal regulation of TR and RXR gene expression in different organs of X. laevis tadpoles during metamorphosis (71) , suggesting that TR-RXR heterodimers are the functional mediators of the T 3 signal in metamorphosis. By introducing TRs and RXRs into Xenopus oocytes, we have established a T 3 -responsive in vivo system to show that TRs indeed function as heterodimers in regulating the transcription of the coinjected T 3 -inducible promoter of the Xenopus TR␤A gene (38, 52) , even in the context of chromatin (70, 71) . However, the oocyte system does not allow the analysis of the effects of TRs on development and the expression of endogenous genes. On the other hand, earlystage embryos of X. laevis have few endogenous TRs and RXRs, and high levels of TR and RXR mRNAs are present only in tadpoles in stage 40 (3 days old) or later stages (4, 7, 16, 30, 71, 74) . Thus, it is possible to study the developmental function of TRs and RXRs by introducing them into developing embryos.
When mRNAs encoding Xenopus TR␣A (73) and RXR␣ (7) were microinjected either individually or together into fertilized eggs, they were efficiently translated (Fig. 1A) . The levels of these proteins were maximal 6 h after fertilization and decreased to the levels in control embryos by 48 to 72 h. A gel mobility shift assay using the TRE present in the TR␤A gene promoter (52) and the protein extracts from control and mRNA-injected embryos showed that the overexpressed re-ceptors are capable of binding specific DNA ( Fig. 1B and C) . As expected, TRs alone bound the TRE only weakly, while TR-RXR heterodimers bound the TRE strongly. In agreement with the Western blot analysis, the DNA binding activity was the highest 6 h after injection but decreased to the levels in control embryos after 48 to 72 h (Fig. 1B) . By 72 h, the control embryos showed weak but significant TRE-binding activity, probably due to the synthesis of endogenous TRs and RXRs at this stage (7, 71) .
This overexpression of functional TRs and RXRs at high concentrations (500 pg of each mRNA/embryo) caused severe developmental defects, even in the absence of T 3 ( Fig. 2 and  3 ). When the phenotypes were analyzed at 48 h (stages 35 to 36 [hatching stages]) (43), 80 to 90% of the embryos were found to be abnormal ( Fig. 2E and 3A) . In general, these embryos developed more slowly than control embryos. Each of these embryos normally had a short tail and reduced overall body length (head to tail) but a much enlarged trunk (Fig. 2E) . Their anterior developmental defects included malformation of the head, deformation of the cement gland, and great reduction in the size of the eyes. Furthermore, each of these embryos appeared to have a much smaller heart, which also lacked the typical red color until the embryo was 4 days old, and reduced locomotion (swimming slowly, with poor response to touching). At low levels of injected TR and RXR mRNAs (5 to 50 pg/embryo) and in the absence of T 3 , the vast majority of the embryos developed normally ( Fig. 2C and 3A and data not shown).
The addition of T 3 (100 nM) to the embryo culturing medium enhanced drastically the teratogenic effects of coexpressed TRs and RXRs while having no effect on the control embryos (Figs. 2B and 3). At 48 h postfertilization, the T 3 -treated embryos injected with H 2 O or only 5 pg of each TR and RXR mRNA per embryo developed normally ( Fig. 3B and data not shown). On the other hand, at 50 pg of injected TR and RXR mRNA per embryo, the overexpressed receptors caused about 90% of the embryos to develop abnormally in the presence of T 3 ( Fig. 2D and 3B ), even though most of those embryos would develop normally in the absence of the hormone ( Fig. 2C and 3A ). The T 3 -treated, TR-RXR-overexpressing embryos had overlapping but distinct phenotypes compared to those with overexpressed TR-RXR in the absence of T 3 . They each had a short tail and reduced overall body length but a normal body width. Their anterior development was severely abnormal. They often had no distinguishable boundary between the head and trunk. The anterior phenotype ranged from having essentially no head or missing the forehead, to having a short and flat forehead. The cement gland was either missing or extremely small. These embryos had either no eyes, only one cyclopic eye of abnormal shape, or eyes that were smaller and irregular in shape compared to those of control embryos. Furthermore, unlike embryos kept without T 3 , the T 3 -treated embryos each had an enlarged heart, full of blood, and near-wild-type swimming behavior and escaped quickly upon touching. At high levels of overexpressed TRs-RXRs (500 pg of each mRNA/embryo) and in the presence of T 3 , the embryos developed poorly and many of them failed to hatch and died Western blot of embryonic protein extracts for the overexpression of TRs and RXRs. Proteins were isolated from control embryos injected with water (C), TR␣A mRNA (TR), RXR␣ mRNA (RXR), or both mRNAs (TR-RXR) at indicated time points after fertilization and subjected to analysis with receptor-specific polyclonal antibodies (71) . Note that both receptors were overexpressed for at least 24 h. By 48 to 72 h, the endogenous receptors were detectable and control and mRNA-injected embryos had similar levels of TRs or RXRs. The bands which are present in all lanes including the control lanes were due to cross-recognition of nonspecific proteins by the antibody. (B) DNA binding assay confirmed the overexpression of TRs and RXRs. Protein extracts from the gel shown in panel A were subjected to a gel mobility shift assay using the 32 P-labeled wild-type TRE from the Xenopus TR␤A promoter (52) . Note that while extracts with overexpressed TR alone could form a weak complex, the binding was drastically enhanced by the coexpression of RXRs. The asterisk indicates a nonspecific complex that was also formed with the control extract without TR-RXR and could not be competed either by the wild-type TRE or the mutated TRE (see panel C). (C) The binding by the overexpressed TR-RXR was specific. The extracts from the gel shown in panel A were subjected to DNA binding analysis as described for panel B except in the presence of the indicated competitors. Note that the complexes formed both when only TR was overexpressed and when both TR and RXR were overexpressed could be competed by the 32 P-labeled wild-type TRE (xTRE) but not by the mutated TRE (mTRE), which fails to bind to TR-RXR or mediate transcriptional regulation by the receptors (52).
within 48 h (Fig. 2F and 3B ). Survivors normally had curled ball-like bodies with little or no tail and no visible head structure. Usually, all died within 5 days of fertilization.
For both the T 3 -treated and untreated embryos, the phenotypic distribution observed at 72 h postfertilization was essentially identical to that at 48 h, except that by 72 h most of the T 3 -treated embryos with high levels of TR-RXR (500 pg of each mRNA/embryo) died (data not shown). Thus, although we have not examined in detail the individual tissues and organs affected by the overexpressed TR-RXR, the results clearly show that precocious expression of TR-RXR can influence animal development in a T 3 -dependent manner. We then examined the role of RXRs in mediating the effects of T 3 .
RXR is required for mediating the developmental effects of T 3 by TR. Numerous in vitro and cell culture cotransfection experiments have provided evidence that TR-RXR heterodimers are the in vivo mediators of the biological effects of T 3 (see the references mentioned in the Introduction). Our own DNA binding experiments ( Fig. 1) and transcription studies of frog oocytes (70, 71) also supported this view. To investigate this possibility in developing Xenopus embryos, fertilized eggs were injected with 50 to 500 pg of mRNAs of Xenopus TR␣ and RXR␣, either individually or together, and their subsequent development in both the presence and absence of 100 nM T 3 was monitored (Fig. 3) . Control embryos or embryos injected with 1,000 pg of ␤-galactosidase (␤-Gal) mRNA, 50 to 500 pg of RXR mRNA or 50 pg of TR␣A mRNA alone developed normally both in the presence and absence of T 3 . At 500 pg of mRNA/embryo and in the absence of T 3 , TR␣A alone was able to affect the development of a small portion of the embryos, producing phenotypes similar to those observed when both TR␣ and RXR␣ were overexpressed; however, coexpression of RXR␣ (500 pg of mRNA/embryo) greatly enhanced the effects observed with only TR␣ alone, causing abnormal development in nearly all of the embryos (Fig. 3A) .
The important role of RXR in T 3 signal transduction was more clearly demonstrated when the embryos were cultured in the presence of T 3 . While in the presence of TR␣A alone the addition of T 3 had little effect in terms of the number of embryos with abnormal development (Fig. 3B) , T 3 treatment caused essentially all embryos to develop abnormally at low concentrations of injected TR-RXR mRNAs (50 pg/embryo) (Fig. 3B) , which had little effect on embryonic development in the absence of the hormone (Fig. 3A) . At high concentrations of TR-RXR (500 pg of mRNA/embryo), T 3 treatment resulted in much more severe developmental defects and higher rates of fatality than those in the absence of T 3 .
T 3 -dependent regulation of endogenous T 3 response genes. Thyroid hormone is known to regulate the expression of many genes during frog metamorphosis (9, 20, 59) . The direct involvement of TRs in the transcriptional regulation of these genes by T 3 has been suggested by the resistence of this regulation to protein synthesis inhibition. We examined two of these genes which appear to also participate in the embryogenesis of X. laevis. One of them encodes Xenopus Sonic hedgehog (64), a putative morphogen that has been shown to be required for a number of processes such as neural induction and limb development (10, 50) . The other gene encodes Xenopus stromelysin-3 (ST3) (47), a putative matrix metallproteinase implicated in programmed cell death and cell migration in both mammals and amphibians (6, 47, 60) . During natural development, both genes are first activated around stages 16 to 17 (18 h after fertilization), as revealed by Northern blot analysis, and reach their peak levels of expression by stages 33 to 34 (44 h), immediately prior to hatching (47, 64) . Their mRNA levels are subsequently down-regulated by tadpole feeding stage (stage 45 [50 h]) and up-regulated again during metamorphosis when T 3 is present at high levels (37, 47, 64) . Furthermore, T 3 treatment of premetamorphic tadpoles leads to the up-regulation of ST3 in all organs (Ͼ10-fold within several days) (47, 68) , while HH is up-regulated in only a few organs (three-to fivefold) (64) . As the embryonic expression of ST3 and HH precedes the expression of TR genes (74) and the synthesis of endogenous T 3 (37) , it was suggested to be independent of the T 3 signal. In addition, their expression also implicates that all of the factors that are important for the basal transcription (i.e., TR-independent transcription) of these two genes are present in early-stage embryos.
To investigate whether precocious overexpression of TRs and/or RXRs (500 pg of mRNA/embryo) can regulate the expression of genes that are normally up-regulated by T 3 during metamorphosis, RNA was isolated from embryos at various time points after fertilization and analyzed by Northern blot hybridization for the expression of HH and ST3 (Fig. 4) . As expected, both genes were activated in control embryos without any TR-RXR mRNA injection by 24 h (Fig. 4A, lane 3) and reached higher levels by 48 h (Fig. 4A, lane 4) . T 3 treatment of control embryos without overexpressed TR-RXR had little effect on HH or ST3 gene mRNA levels (Fig. 4A, lanes 14  to 16) . Similarly, overexpression of TR␣A or RXR␣ alone had little effect on ST3 or HH expression (Fig. 4A, lanes 5 to 7, 8 to 10, 17 to 19, and 20 to 22; also Fig. 4B [compare panels c and b to panel a or panels g and f to panel e, respectively]), with the exception that ST3 was slightly up-regulated at 24 h in the presence of both TR␣A and T 3 (Fig. 4A , compare lane 18 to lane 3; Fig. 4B , compare the 24-h column of the T 3 set in panel b to that in panel a). Consistent with the phenotypic studies described above, the most dramatic effects were observed when TR␣A and RXR␣ were overexpressed together. In the absence of T 3 , the coexpression of the receptors down-regulated the mRNA for both the gene ST3 (about twofold) and HH FIG. 3 . RXR is critical for TR to mediate the developmental effects of T 3 . Embryos injected with the indicated amounts of mRNAs for TR or RXR or both as well as the ␤-Gal mRNA were cultured in the presence or absence of T 3 , and their phenotypes were analyzed 48 h after fertilization. The percentages of the embryos having the indicated phenotypes are presented for the embryos cultured without T 3 (A) or with 100 nM T 3 (B). For each group, the total number of injected embryos and the number of embryos that survived till examination (Total/Survived) and the number of surviving ones which were morphologically normal (Normal) are indicated at the bottom. The data is the sum of three separate but complete sets of experiments. Note that the phenotypes for the ␤-Gal mRNA-injected embryos are identical to those for control embryos without mRNA injection.
(about threefold by 48 h) (Fig. 4A , compare lane 13 to lane 4; Fig. 4B , compare the no-ligand columns of panels d and a or panels h and e, respectively). The addition of T 3 led to the reversal of the repression of HH and drastic activation of ST3 to levels above those in the control embryos (Fig. 4A, compare  lanes 24 and 25 to lanes 15 and 16; Fig. 4B , compare the T 3 columns of panels d and a or panels h and e, respectively). These effects of TR-RXR in the presence and absence of T 3 on FIG. 4. TR-RXR heterodimers mediate T 3 -dependent specific regulation of two T 3 response genes, the Xenopus sonic hedgehog (HH) and stromelysin-3 (ST3) genes, but have no effect on the expression of a RA response gene, HOXA1. (A) Embryos injected with the indicated mRNAs (500 pg/embryo for each mRNA) and cultured in the presence of the indicated ligand (T 3 or RA). Total RNA was isolated at the indicated time points and analyzed by Northern blot hybridization for the expression of ST3, HH, and HOXA1. Note that only the RA treatment of the embryos with overexpressed RXRs (lanes 34 and 37) resulted in fatality (not shown) and It is interesting that even though the highest levels of overexpressed TR-RXR were present about 6 h after fertilization (Fig. 1) , the regulation of the HH and ST3 genes by the precociously overexpressed TR-RXR was not evident until the embryos were 24 to 48 h old (Fig. 4) . By then, the control embryos without overexpressed TR-RXR were already expressing HH and ST3 (Fig. 4) . Thus, the regulation of HH and ST3 genes by TR-RXR requires the activation of the basal expression of these genes, i.e., the presence of other factors necessary for TR-independent expression. The precociously expressed TR-RXR can then repress this basal expression in the absence of the hormone but activate it when T 3 is present.
It should be pointed out that the phenotypes observed with overexpressed TRs-RXRs bear similarities to those produced by treating embryos with RA (15, 42, 63) . As RA receptors (RARs), RXRs, and TRs all belong to the same subfamily of the nuclear hormone receptor superfamily (39) , it was of interest to determine whether overexpression of TRs altered the expression of RA response genes, thus generating the observed teratogenic phenotypes. For this purpose, the expression of a known RA response gene, the homeobox gene HOXA1 (42), was analyzed. Under no circumstance was the HOXA1 expression altered by TR-RXR overexpression in the presence or absence of T 3 (Fig. 4B , compare the no-ligand or T 3 columns of panels j, k, and l to those in panel i). On the other hand, RA treatment of control embryos or embryos injected with TR or RXR mRNA individually or together led to similar activation of the HOXA1 gene (Fig. 4B , compare the RA columns for HOXA1 to the no ligand columns in each panel). Thus, under the in vivo conditions, both TRs and RARs can regulate specifically their own target genes and the teratogenic effects of the coexpression of TRs-RXRs are most likely due to the regulation of T 3 response genes.
Interestingly, RA treatment of embryos led to down-regulation of both HH and ST3 (Fig. 4B , compare the no-ligand columns to RA columns in panels a and e). Overexpression of TR␣A was found to partially rescue the teratogenic effects of RA treatment and restore the developmental expression of both HH and ST3 (Fig. 4B , compare the no-ligand columns to the RA columns in panels b and f). On the other hand, overexpression of RXR␣ enhanced the effects of RA, leading to embryonic fatality (not shown) and the reversal of the protective effects of TR␣A on HH and ST3 expression (Fig. 4B , panels c and d for ST3 and panels g and h for HH). These results suggest that the rescue of HH and ST3 expression might be due to the competition for the low levels of endogenous RXRs by TR␣A, thus reducing the teratogenic effects of RA and restoring HH and ST3 expression. Overexpression of RXRs could overcome this competition (Fig. 4) . In addition, the overexpressed RXR␣ may also enhance the teratogenic effects of RA (42), causing embryonic lethality (Fig. 4) .
In addition to the HH and ST3 genes, many other T 3 response genes have been isolated in X. laevis (9, 59) . However, little is known about their embryonic expression patterns. To examine the possible regulation of these genes by the overexpressed TR-RXR, we analyzed the mRNA levels of several genes which are regulated by T 3 ubiquitously in tadpoles by Northern blot hybridization. All those whose mRNA was detectable in control embryos were found to be regulated by the TR-RXR. Figure 5 shows two such genes. Gene 12, whose identity is unknown, and the deiodinase gene were both isolated from the tadpole tail and found to be regulated by T 3 in different tadpole organs (9, 68) . Both genes were activated by TR-RXR in the presence of T 3 , although like for HH and ST3, their repression by unliganded TR-RXR was not very dramatic. Thus, the TR-RXR overexpressed in developing embryos could regulate most, if not all, of the T 3 -response genes that are normally controlled by T 3 during metamorphosis.
The developmental effects of TRs require the presence of the intact DNA binding domain and the carboxyl-terminal transcriptional activation domain. To further investigate the specificity of the developmental effects of the overexpressed TRs and the requirements for such effects, three mutant receptors were employed for functional studies in the embryos. The first one was the Xenopus TR␤A mutant that lacked the carboxyl-terminal transcriptional activation domain (AF2) (TR␤A⌬AF2) (TR␣A and TR␤A function identically in both DNA binding and transcription activation [70] [71] [72] ). The second mutant was the TR␣A mutant (TR␣A⌬DBD) that had its DNA binding domain removed. Finally, a deletion construct of RXR␣ (RXR␣⌬AF2) was made to remove its AF2 domain.
All three mutant receptors were translated as efficiently as the wild-type receptors when their mRNAs were injected into the embryos (Fig. 6A) . Furthermore, when embryonic extracts containing these overexpressed receptors were analyzed for their ability to bind to the TRE in the TR␤A promoter, both TR␤A⌬AF2-RXR␣ and TR␣A-RXR␣⌬AF2 heterodimers bound the TRE, just like the wild-type TR␣A-RXR␣, while TR␣A⌬DBD-RXR␣ did not (Fig. 6B) , exactly as intended. Finally, the ability of these receptors to regulate transcription was analyzed in Xenopus oocytes. For this purpose, we coinjected the mRNAs for TR-RXR and the plasmid reporter containing the T 3 -dependent promoter of the Xenopus TR␤A gene (the only T 3 -regulated promoter reported in X. laevis [38, 52] ). The transcription from the promoter was determined by primer extension (70, 71) . Using this assay, TR␣A-RXR␣⌬AF2 was found to function identically as the wild-type receptors, i.e., TR␣A-RXR␣ (Fig. 6C , compare lanes 11 and 12 to lanes 5 and 6) and TR␤A-RXR␣ (70) (71) (72) , that is, repressing the basal transcription in the absence of T 3 and activating it when T 3 is present. On the other hand, TR␣A⌬DBD-RXR had no effect on promoter activity, independent of T 3 (Fig. 6C, lanes 9 and 10) . Finally, TR␤A⌬AF2-RXR␣ was able to repress basal transcription in the absence of T 3 and this repression persisted even in the presence of T 3 (Fig. 6C, lanes  7 and 8) . Thus, the AF2 domain of TR is critical for T 3 -dependent transcriptional activation and relief of transcriptional repression while the AF2 domain of RXR is not critical for either. In addition, the DNA binding domain is, as expected, essential for specific transcriptional regulation by TRs.
The in vivo function of these mutant receptors was analyzed by injecting their mRNAs into Xenopus embryos (Fig. 7) . As a control for the mutant TR␤A⌬AF2, we first compared the effects of overexpressed TR␣A-RXR␣ and TR␤A-RXR␣. Both were found to affect embryonic development similarly (Fig. 7A and B) , consistent with their similar properties in DNA binding and transcriptional regulation (Fig. 6) (70-72) . The mutant TR␤A⌬AF2-RXR␣ was found to have effects on embryonic development similar to those of the wild-type TR␣A-RXR␣ in the absence of T 3 (Fig. 7C) . On the other hand, these effects were unchanged by the addition of T 3 (Fig.  7D) , in contrast to those observed for the wild-type receptors. However, this result was in agreement with the inability of T 3 to reverse the transcriptional repression caused by the TR AF2 mutant in oocytes (Fig. 6C) .
The DNA binding domain deletion mutant (TR␣A⌬DBD) was found to have essentially no effects on embryonic development when coexpressed with wild-type RXR␣ at low concentrations (50 pg of mRNA/embryo) both in the presence and absence of T 3 ( Fig. 7E and F) . At high concentrations (500 pg mRNA/embryo), TR␣A⌬DBD-RXR␣ caused most of the embryos to develop abnormally in the presence of T 3 . However, the effects were drastically reduced compared to those when wild-type TR was used, especially considering the fact that a much higher percentage of the embryos survived ( Fig. 7E and  F) . On the other hand, the effects observed with this mutant in the presence or absence of T 3 implicate that some of the embryonic defects caused by overexpressed TRs at high levels might be due to either nonspecific transcriptional squelching and/or titrating out the low levels of endogenous RXRs.
Finally, like the in vitro DNA binding and oocyte transcriptional regulation assays, the deletion of the AF2 domain of RXR␣ was found to have no effect on its function as a cofactor for TR␣ during embryonic development ( Fig. 7G and H) . That is, TR␣A-RXR␣⌬AF2-injected embryos had the same developmental abnormalities as those injected with wild-type receptors in the presence or absence of T 3 .
DISCUSSION
Using phenotypic and molecular markers, we have provided here in vivo evidence from a developmental system for the requirement of RXRs in TR action. In addition, we have shown that overexpression of TR-RXR heterodimers leads to precocious but specific regulation of T 3 response genes in development, thus causing developmental defects in X. laevis. Finally, we have identified the requirements for the in vivo function of TRs and RXRs in mediating the effects of T 3 .
TR-RXR heterodimers are the in vivo mediators of T 3 signal. Numerous in vitro DNA binding and protein-protein interaction studies as well as tissue culture cell transfection analyses have implicated that RXRs are the in vivo heterodimerization partners of TRs during both transcriptional activation and repression. The in vivo proof for such a role of RXRs had been lacking. By introducing TRs and RXRs either individually or together into developing X. laevis embryos, we have provided in vivo evidence that RXRs are important for TR function in development, both in the presence and absence of T 3 . Fig. 1A , shows that the mutant receptors were expressed at the same levels as the wild-type ones. The wild-type receptor mRNAs for TR␣A and RXR␣ were used for comparison for each mutant receptor mRNA. The proteins isolated from 24-h-old embryos were separated on an SDS-protein gel, and the receptors (indicated by arrowheads) were detected with specific polyclonal antibodies. Some nonspecific bands were also detected by the antibodies (also see Fig. 1 ). The lack of endogenous receptors was confirmed by the lack of TRE-binding activities in control embryos (B). Note that TR␤A is smaller than TR␣A (73); thus, the mutant with only a 9-amino-acid deletion migrated much faster than TR␣A (lanes 2 and 3). (B) Protein extracts from embryos not injected or injected with water (control) or the indicated wild-type (xTRE) or mutant (mTRE) receptor mRNAs were analyzed for TRE binding as described in the legend to Fig. 1B. (C) Transcriptional regulation of the T 3 -dependent TR␤A promoter in Xenopus oocytes. Oocytes were injected with the indicated receptor mRNAs and a reporter DNA bearing the T 3 -inducible promoter of the Xenopus TR␤A gene (52, 70) . The TR-RXR synthesized from the injected mRNAs could bind to the TRE present in the reporter promoter and thus regulated its transcription. The transcribed RNA was isolated after overnight incubation and analyzed by primer extension to determine the transcriptional activity (70) . The reporter plasmid DNA was also isolated and analyzed by slot blot hybridization to ensure that equal amounts of the reporter were injected. Note that no transcription was observed in the absence of injected promoter DNA (lanes 1 and 2) . The promoter was transcribed in a T 3 -independent manner in control oocytes or in oocytes injected with RXR␣ and the TR␣A mutant without the DNA binding domain (TR␣A⌬DBD).
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The critical role of RXRs in facilitating TR-induced embryonic abnormalities is supported by the analysis of the expression of endogenous T 3 response genes. In particular, the genes encoding Xenopus hedgehog and stromelysin-3 (47, 64) have two periods of expression during Xenopus development, i.e., T 3 -independent expression during embryogenesis and T 3 -dependent expression during metamorphosis. This lack of T 3 dependence during embryogenesis is likely due to the lack of sufficient TRs and RXRs (4, 7, 16, 71) . Indeed, precocious overexpression of TR and RXR but not either one alone in embryos leads to transcriptional repression of these genes in the absence of T 3 and activation upon addition of the hormone, supporting the predictions based on in vitro biochemical and cell culture transfection studies. Although the repression by the unliganded TR-RXR in vivo is modest, this may reflect the fact that complete repression may require even higher levels of TR-RXR, which are difficult to achieve due to nonspecific toxicity of the injected mRNA.
The activation of the endogenous genes by the overexpressed TR-RXR in the presence of T 3 is highly specific. Thus, the stromelysin-3 gene, the deiodinase gene, and gene 12 are drastically activated by T 3 , while the addition of T 3 leads to only the reversal of the repression of the hedgehog gene caused by the unliganded TR-RXR. These results are in perfect agreement with those observed during metamorphosis. While first three genes are is activated by T 3 ubiquitously in all organs (9, 47, 68) , the hedgehog gene up-regulation by T 3 is organ specific, with its expression in most organs unaffected by T 3 (64) , suggesting that a factor(s) necessary for mediating T 3 activation is missing in most of the organs. Thus, it is not surprising that overall hedgehog mRNA levels in whole embryos are not affected dramatically by the overexpressed TR-RXR in the presence of T 3 .
The involvement of wild-type TR-RXR heterodimers in mediating the effects of T 3 is also supported by our studies with mutant receptors. In particular, the TR mutant with the transcriptional activation domain AF2 deleted shows no response to T 3 while the RXR mutant with the AF2 domain deleted has wild-type behavior when cointroduced with the wild-type TR. These results indicate that the AF2 domain of the RXR is not essential while the AF2 domain of TR is required for T 3 response. It is, therefore, ruled out that the effects observed when both the TR and RXR are present are due to the additive effects of separate actions of the TR and RXR. Instead, the results argue that the RXR enhances the effect of the TR by forming heterodimers with the TR. Thus, the results of our present study complement those of the earlier in vitro biochemical and cell culture transfection experiments to show that TR-RXR heterodimers are the mediators of T 3 signal in transcriptional activation during development and are the in vivo complexes responsible for transcriptional repression of T 3 response genes in the unliganded state.
The T 3 -dependent teratogenic effects are distinct from those induced by RA. RA has been well documented to cause teratogenic phenotypes in Xenopus embryos (15, 28, 42, 46, 53, 54) . RA treatment leads to dose-dependent embryonic abnormalities in X. laevis. In general, RA-treated embryos tend to lose or have deformation of their anterior structures. TR-RXRinjected embryos, however, retain more anterior structure but have wide and short bodies in the absence of T 3 . In the pres- ence of T 3 , the TR-RXR-injected embryos lose their anterior structures like RA-treated embryos but also have very short or no tails, in contrast to the RA-treated embryos. Such differences may reflect the fact that TR-RXR represses genes in the absence of T 3 but activates them when T 3 is present and that T 3 and RA regulate distinct genes in embryos.
However, the phenotypes caused by overexpression of TR-RXR both in the presence and absence of T 3 bear similarities to those caused by RA treatment of embryos, especially the disappearance and/or deformation of the eye and cement gland, the two often-used phenotype markers. In addition, two earlier studies have also reported that overexpression of a TR in the presence of T 3 leads to similar embryonic abnormalities in X. laevis (5, 44) . In agreement with our observation that overexpression of TR can prevent the down-regulation of the hedgehog and stromelysin-3 genes caused by RA treatment, Banker and Eisenman (5) observed that TR overexpression could block the teratogenic effects of RA. Based on this, they suggested that TR blocked RA-induced teratogenesis by directly repressing RA response genes. While such a mechanism may exist for some RA response genes, it clearly at least cannot be the only mechanism, as TR-and TR-RXR-dependent teratogenic phenotypes are not identical to those induced by RA.
Most importantly, by cointroducing TRs and RXRs into embryos and analyzing known T 3 and RA response genes, we have demonstrated here that the overexpressed TR-RXR heterodimers regulate only the expression of T 3 response genes, while having no effect on one RA response gene both in the presence and absence of T 3 . Although overexpression of TR alone does interfere with RA-induced down-regulation (not up-regulation, as one would expect if RAR and TR could cross-regulate each other's target genes through binding to the hormone response elements in the genes) of the two T 3 response genes, it has no effect on the RA-induced up-regulation of the RA response gene (HOXA1). (It should be pointed out that Banker and Eisenman [5] found that the HOXA1 gene, labeled as Xhox.lab2, was induced by T 3 in TR-overexpressing Xenopus embryos. One possible explanation for the different results from their and our studies is that higher levels of TR might be overexpressed in their experiments, thus increasing the likelihood of cross-activating RA response genes. In addition, a 20-fold-higher concentration of T 3 was used in their experiment, which might also affect TR function.) Furthermore, overexpressing RXR can eliminate this TR interference of the down-regulation of the hedgehog and stromelysin-3 genes by RA and enhance the teratogenic effects of RA. Thus, it is likely that the overexpressed TR might be competing with endogenous RAR for the limiting RXRs, thus interfering with the regulation of some RA response genes and reducing the teratogenic effects of RA. Therefore, our molecular analyses suggest that TR-and RAR-mediated embryonic abnormalities likely occur through distinct molecular pathways, even though the resulting embryonic phenotypes have similarities.
TR-RXR heterodimers as key regulators of frog development. Amphibian metamorphosis serves as an ideal system to investigate the roles of TRs and RXRs in T 3 -dependent gene regulation. This process, unlike any other T 3 -dependent ones, affects essentially every single tissue of the animal and is entirely controlled by T 3 . Thus, it is not surprising that the expression of X. laevis TR genes is regulated in a tissue-and developmental stage-specific manner that correlates with organ-specific metamorphosis (30, 58, 68, 71, 74) . More importantly, the RXR genes have been found to be coordinately regulated with the TR genes in different organs (71) . These results provide strong correlative evidence that the TRs and RXRs function together in regulating the tissue-specific transformations during T 3 -dependent metamorphosis. Our present experiments have directly demonstrated that TRs and RXRs function together in vivo to regulate specifically the T 3 response genes that are normally expressed during metamorphosis.
Furthermore, the receptor mutational studies have revealed that the DNA binding and the AF2 transcriptional activation domains of the TR, but not the AF2 domain of the RXR, are required for TR-RXR function in embryos, in agreement with the transcriptional studies of frog oocytes (72) . These results together with the correlation of TR-RXR expression with tissue-specific metamorphosis indicate that TR-RXR heterodimers are the mediators of T 3 signal in the temporal regulation of organ transformation during metamorphosis. In addition, our embryo injection studies suggest the existence of two possible mechanisms by which T 3 regulates gene expression during metamorphosis. In the first case, the hormone not only relieves the repression of one class of genes, such as the ST3 gene, imparted by the unliganded receptors, but also leads to strong activation of these genes in various organs. In the second senario, T 3 simply relieves the repression of another class of genes, such as the HH gene, caused by the unliganded receptors. The existence of such mechanisms implicates the participation of both organ-ubiquitous and organ-or genespecific cofactors in mediating the effects of T 3 during metamorphosis.
In addition to the metamorphic role mentioned above, TR-RXR also appears to participate in embryogenesis. TR and RXR genes are highly activated during late embryogenesis, shortly after tadpole hatching (stages 35 to 36 [48 h]) but well before the synthesis of endogenous T 3 (37) . This up-regulation of TR and RXR genes coincides with the down-regulation of several genes, such as the HH (64), ST3 (47), and NF-I genes (51) , that are known to be expressed during both metamorphosis and embryogenesis. These genes have also been shown to be up-regulated by T 3 directly at the transcriptional level. These results have led us to suggest that the unliganded TR-RXR heterodimers expressed during late embryogenesis serve to repress these T 3 response genes (62) . Our present results have provided direct evidence for this possibility as overexpressed TRs-RXRs repress precociously these T 3 response genes in the absence of T 3 . Thus, TR-RXR heterodimers appear to serve a role during late embryogenesis to block the expression of these T 3 response genes, which by then have already finished their embryonic roles. As these T 3 response genes are also involved in metamorphosis, their continued expression after embryogenesis might trigger premature metamorphosis. Therefore, their repression by the unliganded TR-RXR may prevent such a potentially deleterious effect, thus ensuring a proper period of tadpole development before the T 3 -induced metamorphosis.
